.-Extracts of certain bacterial species have been shown by disc electrophoresis on polyacrylamide gel to contain multiple hydrogenase systems. The hydrogenase enzymes comprising these systems have different electrophoretic mobilities and produce a band pattern that is unique for each bacterial species. Of 20 bacterial species known to possess hydrogenase activity and which were examined by this technique, only the activities of Clostridium tetanomorphum and C. thermosaccharolyticum could be attributed, at pH 8.3, to a single hydrogenase enzyme. This multiplicity of hydrogenase forms was found both in bacteria which contain mostly soluble hydrogenases and in those where the hydrogenase is predominantly associated with particulate material. When solubilization of this particulate material could be effected, at least two solubilized hydrogenases were released, and, of these, one would have the same electrophoretic properties (i.e., RF) as one of the soluble hydrogenases already present in small amounts within the cell. Different growth conditions for various types of bacteria, such as the nitrogen source, the degree of aeration, and photosynthetic versus aerobic growth in the dark, as well as the conditions under which the cells were stored, markedly affected the hydrogenase activity of the cells, but not their hydrogenase band pattern. The disc electrophoresis technique proved to be 10 times more sensitive than the manometric technique in detecting hydrogenase activity.
The existence of multiple forms of the enzyme hydrogenase in certain bacterial cells was suggested when the hydrogenase of Desulfovibrio desulfuricans was found by Sadana and Rittenberg (36) to have a differentpH optimum depending upon the chemical reagents used to activate it. In addition, the properties of Hydrogenomonas ruhlandii hydrogenase can be changed by Mn2+ ions which cause a rearrangement or aggregation of the enzyme (6) . Work in this laboratory (unpublished data) has shown that the Arrhenius plot for the evolution of hydrogen from reduced methyl viologen by several hydrogenase enzymes has a characteristic break, with a change in slope occurring at around 17 C. This nonclassical Arrhenius plot could be the result of an enzyme which exists in more than one form with different activation energies (13) .
Disc electrophoresis on polyacrylamide gel has been used to show that the hydrogenase activity of Clostridium pasteurianum is the result of six active and distinct enzyme species (1) . These hydrogenase species were shown to have different electrophoretic mobilities on the gel column and were identified by their ability to reduce methyl viologen in the presence of H2 gas. The reduced dye bands were correlated with protein bands after staining the gel with amido-black in acetic acid. When the protein band responsible for the most prominent reduction band of C. pasteurianum was eluted, it liberated H2 from reduced methyl viologen, a reaction that is specific for hydrogenase (29, 38) , and the specific activity of the eluted enzyme was higher than that of the crude extract.
This paper describes the application of this technique to the examination of a number of hydrogenase enzymes in other bacteria. S + P None S None S S S S S S + P S S s + P p S S p S + P S + P S + P S + P s + P S + P S + P S + P None S S + P None s + P S S bA, autolysis (25) ; B, sonic treatment or French pressure cell; C, method B followed by the solubilization of particulate material according to Kondo et al. (20) .
MULTIPLE FORMS OF BACTERIAL HYDROGENASES
, Culture supplied by J. Rabinowitz Ammonium sulfate fractionation of C. pasteurinch pressure cell, sonic treatment, liquid anum extracts was carried out, and the hydrogenment (26) , autolysis (25) , and acetone ase band pattern of each fraction was determined. 16). All preparations had identical band Table 3 gives the order of appearance of the bands with bands at RF = 0.30 and R, = 0.79. after each fraction had been dialyzed against [on, the hydrogenase of C. butylicum was 0.025 M P04 buffer (pH 6.8) containing reduced according to Peck and Gest (30) . The re-MV. Although each fraction contained hydrogenreparation had a specific activity of 106 ase activity and possessed many of the enzyme histolyticum. In addition to the particulate hydrogenases, extracts of each of these bacteria also contained a small amount of soluble hydrogenase which could be easily detected on the gel column. The hydrogenases of A. vinelandii and R. rubrum do not couple with reduced MV (9, 29) . These enzymes were detected on the gel column by their ability to reduce MeB. After electrophoresis and removal of the gel from the glass tube, the oxidized form of this dye was first allowed to diffuse into the gel to stain it blue. In the presence of H2, colorless bands appeared at the site of reduction when the rate at which the dye was reduced to the leuco-form exceeded the rate 
at which the oxidized form of the dye diffused into the gel. The reduction bands for A. vinelandii and R. rubrum are so depicted in Fig. 2 . Cultures of R. rubrum grown photosynthetically and aerobically in the light and in the dark were used to examine the influence of different culture methods on the hydrogenase level and band pattern of this organism. The harvested cells were resuspended in 0.1 M P04 buffer (pH 6.8) at a concentration of 6 g of cell paste per 15 ml of buffer, and the hydrogenase activity of whole cells and the soluble fractions from sonic-treated cells was determined by the reduction of MeB. Those cells grown under photosynthetic conditions possessed eight times as much hydrogenase activity as those grown aerobically (Table 6 ). Despite the difference in growth conditions and the levels of hydrogenase activity in the soluble extracts, all soluble extracts had identical band patterns.
Similarly, vigorous agitation of E. coli cultures growing aerobically caused a fourfold decrease in the level of hydrogenase activity than was usually obtained with cells grown semiaerobically, but the band patterns of the soluble and solubilized hydrogenase forms were not affected (Table 5) .
R. rubrum was also grown semiaerobically in daylight on the medium of Duchow and Douglas (14) modified by substituting lactic acid for ethyl alcohol. Samples of the harvested cells in 0.025 M P04 (pH 6.8) were stored for 16 hr at 22 C under helium or hydrogen in either the dark or the light. The suspension of whole cells and the soluble fractions of these cells were tested for hydrogenase activity at the beginning (to give "control" value) and at the end of this storage period, the results being compared in Table 6 . It can be seen that loss in activity was greatest in cells stored in the light. However, comparison of the activities of whole cells and specific activities of these soluble extracts did show that soluble hydrogenase was being retained at the expense of other proteins. Again, and despite the different storage conditions and losses in activity, the band patterns of the soluble extracts remained identical.
In experiments with A. vinelandii to assess the effect of nitrogen-fixing conditions on Kohlmiller and Gest (19) . extracts was carried out at 5 C as well as at ambient temperature, in case this particular hydrogenase was heat-labile. The sensitivity of the disc electrophoresis technique on polyacrylamide gels is such that 0.5 jig of a purified preparation of C. butyricum with a specific activity of 106 ,uliters of H2 evolved per hr per mg of N may be detected. By use of manometric techniques, 5 ,ug of this protein appeared to be the lower limit of detection, even when serum albumin was used to offset dilution effects (30) .
Certain precautions had to be taken when the gel contained weak hydrogenase activity, and dithionite was used to insure reducing conditions prior to the development of band patterns (see Materials and Methods). Under these circumstances, prolonged exposure of the gel column to the colored reduced form of the viologen and tetrazolium dyes sometimes resulted in the appearance of faintly colored bands apparently caused by nonspecific staining of protein bands by the reduced dye. Braun and Feldman (7) showed that dyes with N-dimethyl-amino-azo groups preferentially combine with the sulfhydryl groups of proteins and Miller and Miller (24) found very strong bonds produced between N-methyl amino dyes and proteins or nucleoproteins, but not nucleic acids.
The weakly colored band resulting from protein "tagging" by reduced dye, and a band of reduced dye produced by hydrogenase action, could easily be distinguished, since the former necessarily required the presence of reduced dye, was sharply defined and did not expand, and occurred under an atmosphere of both hydrogen and helium. Hydrogenase band development, on the other hand, was complete within 15 to 20 min, the band of reduced dye rapidly expanded, and an atmosphere of hydrogen was a prerequisite.
DIscussIoN
It is possible to demonstrate that the hydrogenase enzyme of many diverse types of bacteria exists in several different molecular forms. This has been accomplished by subjecting cell-free bacterial extracts to disc electrophoresis on polyacrylamide gels and then detecting the position of the hydrogenase enzymes on the gel with hydrogen-dependent reduction of MV. This multiplicity of molecular forms may also extend to the examples of the particulate hydrogenases examined in this study, since treatment of these particulate enzymes with deoxycholate and trypsin yielded at least two different soluble forms. Efforts to convert one of these solubilized enzyme species into the other have so far failed, and, therefore, one might conclude that different particulate hydrogenases may exist within the same bacterium.
Of the 20 bacterial species examined in these studies and known to contain hydrogenase, only the extracts of C. tetanomorphum and C. thermosaccharolyticum exhibited a single hydrogenase band when subjected to disc electrophoresis on polyacrylamide gel at pH 8.3. The band pattern of each of the other species was unique, differing from one species to another, and thus might prove useful in taxonomic considerations. For example, the hydrogenase band patterns of V. alcalescens and M. lactilyticus are very similar and would support the reclassification of M. lactilyticus as a Veillonella species, as suggested by Rogosa (33). No differences in band patterns were found among different strains of the same species. This premise was tested among two strains (ATCC 12641 and ATCC 12642) of V. alcalescens, three strains of (ATCC 13160, 561 and 638 of McClung) of C. felsineum, and seven strains (ATCC 4157, ATCC 9637, ATCC 13706, ML 3, ML 30, B, and K-12) of E. coli.
We have been unable to acquire any information that would suggest why the multiple hydrogenase enzymes are present in the cell. Some experimental evidence has been obtained which indicates that the presence of these enzyme species in the cell extracts is not dependent upon the method employed to disrupt the cells. Further, it appears that they are not influenced by the conditions of growth of the organism, even though the total hydrogenase level may vary over a 10-fold range with differing culture methods. In the case of R. rubrum, different storage methods resulted in large decreases in the total hydrogenase activity. However, the same band pattern was observed throughout the course of the experiment. This may be a result of the various hydrogenase species reacting at the same rate in the denaturation reaction, or it may be a manifestation of an equilibrium among the enzyme species. Earlier work of Ackrell and Mower (1) with C. pasteurianum indicated that the slower moving, and, presumably, higher molecular weight, species disappear in stored extracts, whereas the faster-moving species become more predominant. Further work may indicate whether these multiple enzymes are true isozymes or components of a monomer polymer enzyme system, and, since Robrish and Marr (32) found hydrogenase to be very closely bound to oxidative enzymes in A. agilis, whether their distribution reflects a balance within the cell of different oxidative pathways.
The application of gel electrophoresis to the study of hydrogenase enzymes promises to offer continuing rewards. It appears to be a more sensi- tive method for the detection of small quantities of hydrogenase than does the manometric procedure, in which dilution of the purified enzymes usually results in loss of activity, it also offers the many added advantages associated with electrophoretic procedures.
